Deep brain stimulation of different targets has been shown to drastically improve symptoms of a variety of neurological conditions. However, the occurrence of disabling side effects may limit the ability to deliver adequate amounts of current necessary to reach the maximal benefit. Computed models have suggested that reduction in electrode size and the ability to provide directional stimulation could increase the efficacy of such therapies. This has never been demonstrated in humans. In the present study, we assess the effect of directional stimulation compared to omnidirectional stimulation. Three different directions of stimulation as well as omnidirectional stimulation were tested intraoperatively in the subthalamic nucleus of 11 patients with Parkinson's disease and in the nucleus ventralis intermedius of two other subjects with essential tremor. At the trajectory chosen for implantation of the definitive electrode, we assessed the current threshold window between positive and side effects, defined as the therapeutic window. A computed finite element model was used to compare the volume of tissue activated when one directional electrode was stimulated, or in case of omnidirectional stimulation. All but one patient showed a benefit of directional stimulation compared to omnidirectional. A best direction of stimulation was observed in all the patients. The therapeutic window in the best direction was wider than the second best direction (P = 0.003) and wider than the third best direction (P = 0.002). Compared to omnidirectional direction, the therapeutic window in the best direction was 41.3% wider (P = 0.037). The current threshold producing meaningful therapeutic effect in the best direction was 0.67 mA (0.3-1.0 mA) and was 43% lower than in omnidirectional stimulation (P = 0.002). No complication as a result of insertion of the directional electrode or during testing was encountered. The computed model revealed a volume of tissue activated of 10.5 mm 3 in omnidirectional mode, compared with 4.2 mm 3 when only one electrode was used. Directional deep brain stimulation with a reduced electrode size applied intraoperatively in the subthalamic nucleus as well as in the nucleus ventralis intermedius of the thalamus significantly widened the therapeutic window and lowered the current needed for beneficial effects, compared to omnidirectional stimulation. The observed side effects related to direction of stimulation were consistent with the anatomical location of surrounding structures. This new approach opens the door to an improved deep brain stimulation therapy. Chronic implantation is further needed to confirm these findings.
Deep brain stimulation of different targets has been shown to drastically improve symptoms of a variety of neurological conditions. However, the occurrence of disabling side effects may limit the ability to deliver adequate amounts of current necessary to reach the maximal benefit. Computed models have suggested that reduction in electrode size and the ability to provide directional stimulation could increase the efficacy of such therapies. This has never been demonstrated in humans. In the present study, we assess the effect of directional stimulation compared to omnidirectional stimulation. Three different directions of stimulation as well as omnidirectional stimulation were tested intraoperatively in the subthalamic nucleus of 11 patients with Parkinson's disease and in the nucleus ventralis intermedius of two other subjects with essential tremor. At the trajectory chosen for implantation of the definitive electrode, we assessed the current threshold window between positive and side effects, defined as the therapeutic window. A computed finite element model was used to compare the volume of tissue activated when one directional electrode was stimulated, or in case of omnidirectional stimulation. All but one patient showed a benefit of directional stimulation compared to omnidirectional. A best direction of stimulation was observed in all the patients. The therapeutic window in the best direction was wider than the second best direction (P = 0.003) and wider than the third best direction (P = 0.002). Compared to omnidirectional direction, the therapeutic window in the best direction was 41.3% wider (P = 0.037). The current threshold producing meaningful therapeutic effect in the best direction was 0.67 mA (0.3-1.0 mA) and was 43% lower than in omnidirectional stimulation (P = 0.002). No complication as a result of insertion of the directional electrode or during testing was encountered. The computed model revealed a volume of tissue activated of 10.5 mm 3 in omnidirectional mode, compared with 4.2 mm 3 when only one electrode was used. Directional deep brain stimulation Introduction Deep brain stimulation (DBS) of different targets has demonstrated the potential to alleviate the symptoms of a variety of neurological conditions, including movement disorders such as Parkinson's disease, essential tremor and dystonia. More recently, DBS has shown some efficacy in treating psychiatric disorders and epilepsy (Lozano and Lipsman, 2013) . In advanced Parkinson's disease or essential tremor, DBS applied in the subthalamic nucleus and nucleus ventralis intermedus, respectively, is recognized as a safe and effective therapy for the improvement of symptoms including tremor, rigidity and bradykinesia (Benabid et al., 2009) . However, because of the restricted size of the functional areas within these structures and the proximity of surrounding structures, stimulation may be limited by the apparition of acute disabling side effects such as tonic muscular contraction, dysarthria, conjugate eye deviation, paraesthesia or gait imbalance (Beric et al., 2002; Hariz, 2002; Krack et al., 2002; Tripoliti et al., 2008) . It has also been reported that spillover of stimulation to non-motor portions of the subthalamic nucleus may induce behavioural impairment and limbic side effects such as depression and impulsivity (Stefurak et al., 2003; Temel et al., 2006) . The occurrence of stimulationrelated adverse effects is an important limitation of DBS therapies.
Finite-element models of electric field distribution have significantly contributed to a better understanding of the volume of tissue activated surrounding the stimulating electrodes, and have brought new insight when correlating the occurrence of side effects with the position of the activated electrode for each individual situation (Keane et al., 2012) . In particular, it has been reported that electrode size has an important influence on the occurrence of side effects; therefore, high precision is needed in the placement of electrode leads (Frankemolle et al., 2010) . This is supported by several studies in which stimulation of the superior and lateral portion of the subthalamic nucleus, which is considered to be the motor part, was found to be correlated with the best clinical efficacy (Rodriguez-Oroz et al., 2001; Herzog et al., 2004; Godinho et al., 2006; Pollo et al., 2007) . Maks et al. (2009) have further suggested that limiting the activated tissue volume to this region improves Unified Parkinson's Disease Rating Scale performance (Maks et al., 2009) .
Given limitations in electrode size, which translate to inadequate activated tissue volumes, accurate targeting of therapeutic regions in conjunction with avoiding undesirable regions remains challenging, particularly because the placement of the chronically implanted electrodes may be suboptimal.
We hypothesize that a reduction in electrode size and the ability to provide directional stimulation could be advantageous. Reducing the electrode surface area and the ability to steer electrical current would result in a reduction of activated tissue volume, which may improve clinical efficacy of DBS by reaching the expected beneficial effects at a lower current, and in addition could increase the current threshold at which side effects appear. This hypothesis has been theoretically analysed through modelling (Keane et al., 2012) and design (Martens et al., 2011) of directional DBS devices. However, the proof of concept of directional stimulation has not yet been demonstrated in humans. In the present pilot study, we investigate directional stimulation applied intraoperatively in the subthalamic nucleus and nucleus ventralis intermedus of patients suffering from Parkinson's disease and essential tremor, respectively.
Materials and methods

Patients characteristics and inclusion criteria
A total of 13 patients, 11 with Parkinson's disease (eight males, three females, age 33-72, median 59 years) and two males with essential tremor (age 54 and 67 years), who were selected to undergo DBS at the University Hospital of Bern were included in this study. The study inclusion criteria for patients with Parkinson's disease were: age 18-75 years; established diagnosis of idiopathic Parkinson's disease with motor complications for at least 2 years; a history of at least 30% improvement on the Unified Parkinson's Disease Rating Scale III scale with dopaminergic therapy (except in the tremor-dominant subtype). For patients with essential tremor, inclusion criteria were: age 18-80; established diagnosis of essential tremor for at least 2 years; functional disability due to tremor not adequately controlled by medication for at least 3 months before implantation.
Exclusion criteria were: dementia (a score of 4130 on the Mattis Dementia Rating Scale, with scores ranging from 0 to 144 and higher scores indicating better functioning), major depression with suicidal thoughts (a score of 4 25 on the Beck Depression Inventory II with scores ranging from 0 to 63 and higher scores indicating worse functioning), epilepsy, coagulopathies, presence of an electrical or electromagnetic implant (e.g. cochlear implant, pacemaker), previous surgery for the treatment of Parkinson's disease or essential tremor, any medical or psychological problem that would interfere with the conduction of the study protocol, pregnancy and abuse of drugs or alcohol.
We also excluded patients in which baseline rigidity or tremor significantly decreased or disappeared just before or during the test phase because of micro-lesion effects during surgery.
The study conformed to the Good Clinical Practice guidelines and the International Organization for Standardization 14155 standard. The protocol was approved by the ethics committee of the canton of Bern and by the Swiss Competent Authority. All patients provided written informed consent.
Directional deep brain stimulation device
A DBS lead was designed specifically for the study (directSTNAcute, Aleva Neurotherapeutics SA). It incorporates six directional contacts, with three directional contacts on each of two levels. The directional contacts are each 1 mm Â 1 mm in dimension, with a longitudinal spacing of 0.5 mm. The device also incorporates two omnidirectional electrodes proximal to the directional contacts, which were not used in the course of this study. The device architecture and electrode arrangement are shown in Fig. 1 .
Finite element modelling
A 3D Finite Element Model of the directional DBS lead was constructed with the aid of the COMSOL Multiphysics v4.0 software package (COMSOL Inc.). The simulation places the lead in a cylinder of diameter 5 cm and height 10 cm. The cylindrical boundary is set to ground while its volume is modelled as an isotropic medium with 0.3 S/m (Grill and Mortimer, 1994) . The model can simulate both constant voltage and constant current stimulation modes.
The model compares the electrical potential around the directional DBS lead for two modes: the omnidirectional mode, in which current is applied to all three directional electrodes at one level simultaneously, and the directional mode, in which current is applied to only one directional electrode. By solving the model at a given current injection for both cases, an electric potential in the tissue could be determined and the two situations could be compared. Subsequently, the electric potential was superimposed onto the anatomy of the region surrounding the implantation site. This allowed for a comparison of the electrical fields induced in the two cases, i.e. omnidirectional and directional stimulation, to be performed.
Modelling theory also suggests that calculating the activated tissue volume is a better indicator of stimulation efficiency in anatomical volumes near the electrode site. Following the method of Buhlmann et al. (2011) , in which the activating function threshold is derived from a Hodgkin-Huxley model, we computed an activated tissue volume by developing a Hessian matrix at each point in the volume surrounding the electrode lead. The maximum absolute eigenvalues of the Hessian matrix were then compared to a voltage strength threshold. Points with eigenvalues greater than the voltage strength threshold were included in the activated tissue volume. The voltage strength threshold can be calculated by the method proposed by Rattay (1986) . An activation function threshold is defined as S = I Á r s where I is the applied current threshold, r s = 4Á/d is the resistivity of the surround tissue with respect to axon diameter, is the resistivity of the axoplasm (70 Vcm), and d is the diameter of an axon (5.7 mm in this anatomical region) (McIntyre et al., 2002) . The activation function S can then be compared to previously published values. 
Surgical procedure, intraoperative test setup and postoperative localization of electrodes
Preoperative T 1 -and T 2 -weighted high-resolution magnetic resonance images (3 T) were co-registered with a stereotactic CT (Leksell frame, Elekta) for targeting and planning the implantation trajectories (iPlan, BrainLab) Intraoperatively, 3-trajectory microelectrode recording (FHC) and clinical testing by semi-macroelectrode stimulation was performed with the Leadpoint system (Medtronic).
Once the trajectory and site of implantation of the permanent lead had been determined for the first hemisphere operated on (the most symptomatic side), the directional electrode was inserted under fluoroscopic control so that the distal directional ring (contact 0,1,2) was at the Z level of the trajectory that had been chosen for clinical testing and the 0 axis plane of the directSTN lead was directed medially (for subthalamic nucleus stimulation) or directed anteriorly (for nucleus ventralis intermedus stimulation). The proximal end of the directSTN Acute lead was connected to an octopolar extension cable (Model 37081, Medtronic Inc.).
The extension cable was then connected to a dedicated external neurostimulation cart. This cart was developed to pulse any individual directional electrode, or to pulse any combination of two or three electrodes simultaneously. The system features several Osiris Stimulators (Model 504196, Inomed) and includes a custom-made user interface.
The stimulation parameters were current-driven monopolar monophasic pulses, with pulse width 90 ms and frequency 130 Hz.
Five different stimulation configurations were tested: each of the three individual directions; the three directions (0 , 120 , 240 ) together-which we called omnidirectional stimulation; and a configuration in which two directional contacts facing the best direction, one above the other, pulse together. Upon completion of the test phase, the directSTN Acute lead was removed and the definitive DBS lead implantation resumed (lead model 3389, Medtronic Inc.).
For each patient, a stereotactic post-operative CT scan was performed and co-registered with the preoperative 3D T 2 -weighted MRI (iPlan, BrainLab). Furthermore, the anterior commissure-posterior commissure (AC-PC) coordinates of the point for clinical testing were calculated and mapped onto the closest axial slice in the Schaltenbrand atlas templates (Schaltenbrand and Wahren, 1977) , and normalized to the intercommissural points.
Stimulation sequences and assessment of patient's reactions
The sequence of stimulation in the three single directions and in the omnidirectional stimulation was determined before the test phase in a randomized fashion, to prevent bias that might arise if an identical sequence were used in all patients. The fifth stimulation configuration (two directional contacts facing the best direction, one above the other) was performed last, as it required knowledge of the directional contact that gave the best clinical results.
The sequence of stimulations was conducted in a double-blinded fashion, unknown to the patient, the neurosurgeon and the neurologist assessing the patient's reactions. The sequence of directions was known only to the neurologist operating the neurostimulators.
All of the patients were operated on by the same surgeon. The same experienced neurologist assessed the intraoperative response of all patients.
The patient's motor symptoms were assessed at baseline before stimulation. The total stimulation current was increased in increments of 0.1-mA steps. As the electrical current was increased, the therapeutic effect on the motor symptoms was graded by the neurologist on a four-point scale: no effect, partial effect, very good partial effect and full effect.
Once the full therapeutic effect was obtained, the neurophysiologist continued to incrementally increase stimulation current until a sustained treatment-limiting side effect arose, such as paraesthesia, dysarthria or focal muscular contraction. These symptoms disappeared as soon as the stimulation was turned off and indicated the upper limit of the therapeutic window for stimulation.
The current required to obtain a meaningful therapeutic effect (full effect on rigidity or very good partial effect on tremor), as well as the side effects encountered, were assessed for the five stimulation configurations. The width of the therapeutic window was defined as the electrical current at which a sustained side effect appeared minus the electrical current at which a meaningful therapeutic benefit was obtained.
The impedance through each directional contact was also measured before and after the test phase, as a confirmation that the stimulation did take place as intended. Adverse events, intraoperative and postoperative, were recorded.
Data analysis
The therapeutic window and the current threshold for therapeutic effect are presented using the average and (min, max) values. The percentiles 0, 25, 50, 75 and 100 are graphed as box plots. The differences between the best directional stimulation and each of the other stimulation configurations were compared.
A P-value was calculated using a Wilcoxon signed-rank test for difference in medians, with continuity correction. We rejected the null hypothesis (= no difference) when P-value 5 0.05. These calculations were performed with the NCSS9 software package (NCSS-LLC).
Results
Finite element analysis
In Fig. 2 , we show a comparison of stimulation with the directSTN Acute system in omnidirectional and directional modes. The Figure 2 Axial projection of two stimulation modes using Finite Element Analysis and superposition of electric potential onto anatomy adapted from the Schaltenbrand and Wahren atlas, Plate 54 Hv = À 3.5. Left: All three electrodes simultaneously activated with a total applied current of 3 mA (1 mA per contact). Right: Postero-lateral directional electrode active with an applied current of 1.8 mA, avoiding the internal capsule. Horizontal scale represents the distance from the centre of the lead in mm. STN = subthalamic nucleus; ZI = zona incerta; Lm = Lemniscus medialis; Ru = nucleus Ruber; Forel = Forel field. electrical potential is aligned with the anatomy believed to be surrounding the lead during implantation. The iso-potential lines are represented with colours where a darker colour represents a lower iso-potential. The clinically relevant superior and lateral section of the subthalamic nucleus has an applied electric potential in both cases, whereas in the single directional contact case the internal capsule is avoided.
In Fig. 3 , we show an analogous comparison of stimulation in the unidirectional and omnidirectional modes superimposed on the anatomy of the nucleus ventralis intermedus, which was the target used for the essential tremor patients. Here, it is apparent that an electric potential directed anteriorly will avoid regions of the sensory thalamus.
The graphs in Fig. 4 represent the calculated isolines of the activated tissue volume, with a comparison of omnidirectional and directional stimulation modes. Calculations were performed with a stimulation voltage of 1 V on the electrodes, meaning that the current delivered in the omnidirectional mode (three electrodes activated) is three times higher than the current delivered in directional mode. The computation reveals that, when the activated tissue volume threshold is set at 12 V/cm 2 , a volume of 10.5 mm 3 is activated in omnidirectional mode, whereas a volume of 4.2 mm 3 is activated with a unidirectional electrode.
Therapeutic effects, side effects and correlation with spatial location
The directional test phase lasted 49 min on average, of which 28 min were taken up by the stimulation sequences.
Once the directSTN lead had been inserted at the target site, a rest period of 7 min on average took place before baseline assessment, and the rest period between two stimulation sequences was 2 min on average.
The omnidirectional configuration was the first one tested for four patients and was either in second, third or fourth tested sequence for the other nine patients. Therapeutic effects and side effects were detectable in all five stimulation configurations, but at different electrical current values. A meaningful therapeutic effect was defined as: 'full effect' on reduction of rigidity, or 'very good partial effect' on reduction of tremor. The first sustained side effect encountered, as current was increased, was either dysarthria, focal muscular contraction, or paraesthesias. These side effects are listed for each patient in Tables 1 and 2 .
An image parallel to the AC-PC plane was performed at the Z level of the planned trajectory and provides the actual position in relation to the subthalamic nucleus (visible on T 2 -weighted images) and nucleus ventralis intermedus (not visible on T 2 -weighted images). These images are shown in Tables 1  and 2 . The mean ( AE SD) AC-PC coordinates of the intraoperatively stimulated point were: lateral: 11.71 mm (AE 1.04), anteroposterior: À 2.60 mm ( AE 0.68), vertical: À 3.16 mm ( AE 0.67), related to the midcommissural point. Negative anteroposterior and vertical values were posterior and inferior to the midcommissural point, respectively. The map of the stimulated points and mean stimulated point are shown in Fig. 5 , provided that it represents an approximation of the reality.
One of the directions gave a higher therapeutic window than the other two directions for every patient. The best direction (best = resulting in the widest directional therapeutic window) varied from patient to patient. The other two single directions were designated as second-best and third-best. The directions are presented in Tables 1 and 2 . Nine of 11 subthalamic nucleus patients had motor side effects (seven dysarthria and two muscular contractions) as their first sustained side effect. Six of these nine patients had the best directional therapeutic window in the medial direction, two in the postero-lateral and one in the antero-lateral direction.
The other two subthalamic nucleus patients had paraesthesia as a first sustained side effect, and their best directional therapeutic window was antero-lateral. These two patients had a lateral electrophysiological trajectory 54 mm inside the subthalamic nucleus.
The two nucleus ventralis intermedus patients had the best direction in the anterior direction, and the third-best direction in the postero-medial direction. Both patients had a lateral microrecording trajectory 54 mm inside the nucleus ventralis intermedus.
The observed first sustained side effects were correlated with the direction of stimulation, as shown in Fig. 5 .
Therapeutic window
The therapeutic window was measured for each of the stimulation configurations on 12 patients (omnidirectional stimulation was not possible in one patient because of apparition of confusional state).
The therapeutic window in the best direction (i.e. the one that resulted in the widest directional therapeutic window) was 1.93 mA on average (range 1.0-2.9 mA). The therapeutic window in the second-best direction was 1.43 mA on average (0.2-2.9 mA) which was significantly smaller than in the best direction (P = 0.003). With an average of 0.96 mA (0-2.1 mA), the worst direction (or third-best) was also significantly lower than the second-best direction (P = 0.002). The omnidirectional therapeutic window average was 1.36 mA (range 0.15-3.15 mA). The average therapeutic window in the best direction is 41.3% wider than the omnidirectional therapeutic window (P = 0.037), and with a narrower spread of values.
In one patient with tremor-dominant Parkinson's disease, we found no advantage of directional stimulation over omnidirectional stimulation (omnidirectional therapeutic window = 3.15 mA, which was greater than the therapeutic window in any of the three individual directions).
Stimulation of two electrodes simultaneously-the best electrode and the one above it-did not increase the therapeutic window compared to stimulation of the best electrode alone. A representation of the omnidirectional therapeutic window and each single direction is shown in Fig. 6 .
Electrical current producing meaningful therapeutic effect
The therapeutic current was measured for each of the stimulation configurations, on 13 patients. As shown in Fig. 7 , the average current threshold in the best direction (best = resulting in the best directional therapeutic window) was 0.67 mA (range 0.3-1.0 mA). The average current thresholds in the second-best and worse directions (0.87 mA and 0.92 mA, respectively) did not differ statistically from the current threshold in the best direction.
We note that the best direction current threshold was 4 1.0 mA for all patients, with the narrowest spread of values. The average current threshold for omnidirectional stimulation was 1.17 mA (range 0.6-1.95 mA). The average therapeutic current in the best direction is 43% lower than the omnidirectional one (P = 0.002). We note that the best direction threshold current was larger than the omnidirectional threshold current in all 13 patients. The position of the lead at the level of the tested directional stimulation in the AC-PC referential, the sustained side effects and the currents producing them, according to the direction of stimulation, are shown. Green circles: projection of AC and PC; ET = essential tremor.
Stimulating two electrodes-the best electrode and the one above it-did not lower the current threshold compared to the best electrode alone.
Adverse effects of directional current testing
No complication due to insertion or stimulation was encountered in the directional test phase.
Discussion
The results of this study indicate that providing directional stimulation in the subthalamic nucleus and nucleus ventralis intermedus with a stimulating electrode of reduced size was able to improve the therapeutic window intraoperatively. To our knowledge this is the first study establishing the proof of concept of directional stimulation in humans.
Directional stimulation with an electrode of reduced size, while allowing a specific orientation and reduction of the activated tissue volume, provides a new concept of delivering DBS, leading to a more selected activation of the neurons and/or axons surrounding the lead. This enhanced accuracy would be especially desirable in case a DBS lead is not optimally placed, resulting in a reduced intensity of stimulation before the apparition of side effects. Similarly, benefits would likely be achieved in other small and complex target regions where a reduced and directional activated tissue volume may be desirable (Peppe et al., 2008) , such as the pedunculopontine nucleus (Thevathasan et al., 2011) , or other fibre bundle targets, such as the medial forebrain bundle for resistant depression (Schlaepfer et al., 2013) , the dentato-rubrothalamic tract for tremor (Coenen et al., 2011) or even the zona incerta for Parkinson's disease (Yelnik et al., 2003; Plaha et al., 2006) . Therefore, highly targeted stimulation fields could optimize DBS not only in currently used targets like subthalamic nucleus or nucleus ventralis intermedus, but also in emerging targets and even generate new targets for stimulation. Previous studies on modelling of the activated tissue volume using directional electrodes have previously emphasized the potential improvement of the therapeutic outcome by avoiding anatomical structures responsible for side effects (Martens et al., 2011; Keane et al., 2012) .
Our Finite Element Model results on directional activated tissue volume in the subthalamic nucleus and nucleus ventralis intermedus, shown in Figs 2 and 3, respectively, represent the situation where lead implantation is ideal and are based on assumption of an individual accuracy of the anatomy surrounding the lead. Nevertheless, they are in accordance with the previous findings, when compared with an omnidirectional lead design. In the case of the nucleus ventralis intermedus DBS, the vicinity of the corticospinal tract in the antero-lateral direction and the sensory thalamus and medial lemniscus in the posterior direction are known to be correlated with motor and sensory side effects, respectively. Similarly, the vicinity of the corticospinal tract in the antero-lateral direction and the medial lemniscus in the posterior direction are also correlated with motor and sensory side effects associated with subthalamic nucleus stimulation.
Our intraoperative observations regarding the type of side effects related to the direction of stimulation are also consistent with the model prediction.
In the subthalamic nucleus, we observed motor side effects, i.e. dysarthria or focal muscular contraction in 9 of 11 patients as a first sustained side effect (Table 1 and Fig. 5 ). Six of these nine patients had their best direction of stimulation in the medial direction, which provides stimulation away from the corticospinal tract, two in the postero-lateral direction, and only one had its best direction in the antero-lateral direction, showing the shortest distance to the corticospinal tract fibres. Except for two patients, all of them had their worst direction in the lateral direction of stimulation, either antero-or postero-lateral. In Patient 8 (one of the two patients who had medial therapeutic window direction as the worst), we observed that the difference in the current threshold producing dysarthria between medial (2.6 mA) and anterolateral (2.7 mA) was 0.1 mA. The other (Patient 9) had a higher threshold for appearance of dysarthria in the medial direction (2.2 mA) when compared to the antero-lateral direction (1.9 mA), despite a worse therapeutic window in the last direction explained by a higher current threshold for therapeutic effect.
The antero-lateral direction of stimulation was associated with dyskinesia in 2 of 11 subthalamic nucleus patients. Intraoperative stimulation-induced dyskinesia has been recognized to be encountered in the motor part of the subthalamic nucleus, which has been shown to be located in the superior and lateral portion of the nucleus, as confirmed with electrophysiological data (Rodriguez-Oroz et al., 2001) , the position of the active electrodes correlated with the best clinical outcome (Godinho et al., 2006; Pollo et al., 2007) , as well as imaging studies (Brunenberg et al., 2012; Lambert et al., 2012) .
The postero-lateral direction was associated with paraesthesias as a first sustained side effect in 2 of 11 subthalamic nucleus patients, which could be explained by stimulation of the medial lemniscus fibres. In addition, these patients had their best therapeutic window in the antero-lateral direction, whereas the postero-lateral direction was their worst.
Remarkably, as shown in Fig. 5 , the medial direction was never associated with a sustained motor or sensitive side effect at the lowest current threshold. We were not able to find a directionally improved therapeutic window compared with omnidirectional stimulation in one patient with tremor-dominant Parkinson's disease. This patient had a resting tremor of fluctuating intensity during the intraoperative testing phase, so that thresholds for stimulation effects were hard to assess reliably.
We were also not able to observe a correlation between the observed best direction therapeutic window and the lead location in relation to the subthalamic nucleus as defined on postoperative imaging resulting from postoperative CT and preoperative T 2 -weighted MRI co-registration. This may be explained by the limited number of patients, but also by the image resolution, which does not provide a well delineated subthalamic nucleus in some cases. Finally, the possible errors induced by the coregistration process could also play a role.
In both nucleus ventralis intermedus patients (Table 2) , posteromedial direction of stimulation was associated with sustained paraesthesia. This can be explained by the proximity of the sensory nucleus of the thalamus and of the medial lemniscus in these directions. Dysarthria could be elicited in the anterior as well as postero-lateral direction of stimulation. Both nucleus ventralis intermedus patients had their best therapeutic window in the anterior direction, i.e. the direction facing away from the sensory thalamus/medial lemniscus pathways. The current needed for the generation of meaningful therapeutic effects was remarkably low, 41 mA, in all patients.
Intraoperative conditions in terms of tissue reaction to lead insertion (the microlesional effect induced by insertion of the lead and/or surrounding oedema) may differ from those seen in a chronic state. For this reason, intraoperative observations may change over time. To reduce the risk for an oversized intraoperative therapeutic window and the risk of a lowered amount of current needed for beneficial effects induced by these particular conditions, we excluded patients from our study cohort where a microlesion effect was observed after microrecording and/or microstimulation and before directional stimulation testing.
It has been shown that stimulation voltage needs to be increased in the first weeks after implantation to reach the threshold for beneficial as well as side effects. This observation has been correlated with an increase of the impedance at the electrodetissue interface (Lungu et al., 2013) .
However, in case of increased impedance, an increase in voltage does not necessitate an increased amount of current to reach the same thresholds, which in turn, does not necessarily correlate with a significant modification of the therapeutic window over time. We performed this intraoperative study using a constant currentbased pulse generator, measuring currents delivered in the tissue, whatever the impedance. Similarly, chronically implanted constantcurrent based generators would better address this issue over time.
Therefore, we suggest that the low amounts of current needed for beneficial effects may also be correlated with the geometry of the electrode as well as its reduced size. This would be expected to increase the local current density, which in turn may promote neural recruitment close to the electrode surface. Thus, a limited activated tissue volume in the motor subthalamic nucleus or nucleus ventralis intermedus may be correlated with a full effect on motor symptoms of Parkinson's disease or essential tremor respectively, as previously suggested by other groups (Maks et al., 2009) .
With respect to the currently admitted charge density of 30 mC/cm 2 /phase, the maximally allowed amount of current per electrode (surface 1 mm 2 ) is 3.4 mA with a stimulation at a pulse width of 90 ms. Even if we observed significant beneficial effects at 5 1mA in all our patients, and we were able to deliver 53.3 mA in 6 of 11 patients with Parkinson's disease without observing a subsequent microlesional effect, higher amounts of current may induce potential problems with tissue damage in chronic stimulation. An increased number of electrodes may result in longer timerequirements with regard to lead programming. The present lead provides a limited number of directional electrodes electrodes to be compatible with the existing implantable impulse generators. On the other hand, the information obtained intra-operatively while determining the best direction therapeutic window may facilitate subsequent programming of the segmented leads. The real time need for optimally programming such electrodes remains to be evaluated.
Our intraoperative test stimulation was limited in time and therefore only a selection of different possible stimulation conditions could be assessed. Moreover, this pilot study included only a small number of patients. Therefore, our acute intraoperative findings remain to be replicated with long-term observations in a clinical study with chronic implantation.
The results depend also on the consistency of the neurologist's clinical judgement and the stability of the patient's symptoms during the testing phase. However, excluding the fluctuation of resting tremor observed in one patient, we found no significant micro-lesion effects before or after insertion of the directional lead. When a transient carry-over effect was present after a testing sequence, the neurologist waited until the reappearance of symptoms before making any new observations.
Conclusion
Intraoperative directional stimulation with a smaller activated tissue volume in the subthalamic nucleus and the nucleus ventralis intermedus significantly widened the therapeutic window for DBS in comparison to omnidirectional stimulation. There were also clear differences in stimulation induced effects depending on the angular orientation of the stimulating electrode contact around the circumference of the electrode shaft. The observed side effects were consistent with the anatomical location of surrounding structures.
Although these results warrant further studies, to confirm the long-term effect of directional stimulation in chronically implanted patients, they clearly suggest that directional stimulation has a strong potential for reducing side effects, widening the therapeutic window, and lowering the therapeutic current. This new approach may open the door to a better DBS therapy, by minimizing the impact of suboptimal lead placement and by prolonging battery life.
